Abstract Several studies have shown that biological control of pests can be improved by supplying extra food to natural enemies. This increases population levels of the enemies, resulting in decreases in pest densities. In theory, however, supplying food can also have negative effects on biological control. We specifically tested for such negative effects, using a predator-prey system consisting of the whitefly Bemisia tabaci (Gennadius) and a predatory mite Amblyseius swirskii (Athias-Henriot). This predator attacks eggs and young instars of the whitefly, but also feeds on pollen. We added pollen to populations of predators and whiteflies on isolated cucumber plants. Although the set-up of our experiments would favour the occurrence of a negative effect of the addition of pollen on biological control, we found increased control throughout the experiment. This shows that the control of whiteflies by A. swirskii can be improved by supplementing the predators with pollen.
Introduction
There is by now a substantial body of theory on interactions between prey populations that are attacked by a common predator population. One of these interactions is called apparent competition (Holt 1977) because increases in numbers of one prey population have a negative effect on equilibrium numbers of the other prey population (Holt 1977; Chaneton and Bonsall 2000) . Hence, the outcome of the interaction resembles competition between the two prey species, but is caused through the interaction with the shared predator. Subsequent theory has shown that sharing a predator can also lead to positive effects in the short term (Holt and Kotler 1987; Abrams and Matsuda 1993; Holt and Lawton 1994; Abrams et al. 1998 ). This so-called apparent mutualism can occur when an increase in density of one prey leads to predator satiation, resulting in lower predation rates on the other prey species (Holt and Lawton 1993; Holt and Lawton 1994) , when time available for handling prey is limited (Holt 1977) , or when predators show switching behaviour (Abrams and Matsuda 1993; Abrams and Matsuda 1996) . In addition, long-term positive effects can occur when the predator has a functional response that levels off at higher prey densities and when populations cycle (Holt 1997; Abrams et al. 1998 ). Hence, depending on the time scale and on the type of dynamics, theory predicts that a shared natural enemy can generate positive or negative indirect interactions between prey species.
Various researchers have shown that addition of non-prey food for predators can result in improved control of pests (Collyer 1964; Karban et al. 1994; Hanna et al. 1997; Walde et al. 1997; Liu et al. 2006) . The mechanism causing this is similar to that of apparent competition; the addition of non-prey food results in an increase of predator numbers, which results in a decrease of pest densities. As in apparent competition, the possibility that addition of non-prey food for predators may also result in decreased control, at least in the short term, has not received much attention in the biological control literature (van Rijn et al. 2002) . However, this is especially relevant for biological control systems that exist for a limited period, where the dynamics of pests and natural enemies are often transient (van Veen et al. 2006) . We studied the effect of the addition of nonprey food on the transient dynamics of an arthropod predator-prey system. We specifically studied a system in which the conditions favour negative effects on biological control.
The study system consisted of the whitefly Bemisia tabaci (Gennadius) and its predatory mite Amblyseius swirskii (Athias-Henriot) (Zannou et al. 2007 ). The predator reproduces and develops when feeding on whitefly immatures (B. tabaci and Trialeurodes vaporariorum (Westwood)) but also on pollen and Western flower thrips (Frankliniella occidentalis (Pergande)) as a food source (Nomikou et al. 2001; Nomikou et al. 2003; Messelink et al. 2006; Messelink et al. 2008) . In a greenhouse, A. swirskii was found to suppress whitefly populations on single cucumber plants when pollen was supplied to the predators every week (Nomikou et al. 2002) . It is still unclear, however, how the addition of pollen affected the population dynamics of the prey, since no controls without this non-prey food were performed (Nomikou et al. 2002) .
Several characteristics of the experimental system favour the occurrence of negative effects of the addition of food on whitefly control. First, the growing season of greenhouse crops is short; hence, the dynamics of whiteflies and predatory mites are transient. Second, the functional response of the predatory mites is likely to be of type II (Sabelis 1992; Sabelis and van Rijn 1997) , which might lead to positive indirect effects between pollen and whitefly numbers (Holt 1977; Abrams and Matsuda 1993) . Third, in the experiments described below, we supplied pollen in small plastic vials that were suspended from one of the leaf stems, whereas the prey reside mainly on the underside of all leaves. Thus, predators did not encounter prey and pollen simultaneously, forcing the predators to switch from consuming pollen to consuming prey, which can also result in apparent mutualism (Abrams and Matsuda 1993) . Amblyseius swirskii was collected in Israel (location Revadim) in 1997 on cotton infested with B. tabaci (Nomikou et al. 2001) . It was cultured on plastic arenas (8 9 15 cm) placed on a wet sponge in a plastic tray with water (see Overmeer 1985) . Strips of wet tissue were placed on the plastic arena along its periphery so that the predators had access to water. Glue barriers were applied on this tissue to prevent escape and contamination with other mite species. A piece of transparent plastic sheet (1-2 cm 2 ), folded in the shape of a roof, was placed on each arena and functioned as a shelter for the mites (Overmeer 1985) . A few cotton threads were put underneath the shelter to serve as oviposition substrate (Overmeer 1985) . Broad bean pollen (Vicia faba L.) was offered as food for the predators by dusting it on the arenas twice per week. Broad bean pollen was collected from plants cultivated in a greenhouse compartment at the University of Amsterdam and cattail pollen, Typha latifolia L. sp., was collected at the university campus. Both types of pollen were kept at -20°C before being fed to the predators. The predatory mite culture was maintained in a climate room (25°C, 60% R.H.). In order for the predators to become accustomed to the greenhouse conditions, we started separate rearing arenas in the greenhouse with individuals from the predator culture, where they were fed cattail pollen. All mites used in the experiments originated from these greenhouse cultures.
Materials and methods

Cultures
Experimental set-up Population experiments were carried out in cages in a greenhouse (25°C, 60% RH, 16 h photoperiod). The cages (0.8 9 0.8 9 1 m) consisted of a metal frame, a plastic bottom, a Plexiglas top and three sides with insect and mite proof gauze (mesh 80 lm). A Plexiglas door covered the fourth side and closed with strips of magnetic tape. The cages were placed on four tables, each table consisting of a tray filled with a 2-3 cm layer of water. The cages were suspended above the water by placing them on bricks. In this way, a water barrier underneath the cages prevented escape and invasion of mites. Temperature and humidity loggers recorded the conditions in each cage at 30-min intervals.
Three cages were placed on each table. One potted cucumber plant of three weeks old was placed in each of the cages. Three wooden sticks (90 cm long) were stuck in the soil around the young plant and were tied together near the tip, thus forming a tentlike frame that supported the plant. Fertilizer was supplied twice per week via the irrigation water (N:P:K = 28:14:14). Plants were allowed to flower and to grow lateral stems and fruits were removed when full-grown. Control cages received whiteflies only. All other cages received predators and whiteflies; Typha sp. pollen was supplied to half of the plants.
Initial conditions and pollen supply
Twenty adult whiteflies (10 females and 10 males) were introduced on each of the 12 plants. Three days later, each plant (except for controls) was supplied with predators, 48 females and 120 juveniles plus males on the 3rd lowest leaf of all plants, using a fine brush. One day later, the number of adult female predators that was found on the plants was always lower than 40 due to escapes. To recreate equal initial conditions we added females from the cultures to achieve a fixed initial number of 40 on all plants.
One day after predator release, half of the plants were supplied with 25-30 mg of Typha sp. pollen in a plastic vial (19 mm diameter and 15 mm high) suspended from the base of the stem of the 3rd leaf from below by means of a piece of electric wire, which was inserted in two holes at opposite sides near the rim of the vial (hence, the vial resembled a miniature bucket). To create control plants that differed from the treatment only by pollen being absent, we suspended empty vials from corresponding leaf stems on the pollen-free plants. Three days later (one week after the first whitefly release), we introduced another ten pairs of adult whiteflies.
Every week, plants that received pollen were supplied with 25-30 mg of fresh pollen in a new vial that was attached two leaf stems higher than the previous vial. This quantity of pollen is sufficient to sustain a population of phytoseiids in laboratory cultures (M. Nomikou, pers. obs.). Moreover, the quality of Typha sp. pollen remains good for at least one week (Nomikou et al. 2002; van Rijn et al. 2002) . Vials with pollen were removed from the plant after three weeks and checked for predators with a binocular microscope. Predators were transferred back to the leaf that had been closest to the vial. Hence, plants provided with pollen carried one vial in the first week, two vials in the second week, and three vials during the subsequent experimental period.
As a control, we followed the dynamics of whitefly populations without predators on six cucumber plants. Due to limited greenhouse space and the limited availability of cages, this control treatment could not be started at the same time as the predator treatments. We therefore started this control treatment right after the first cages became available from the predator treatment as a consequence of the destructive method used to sample the populations (at day 39 of the replicates with predators, see below). Cages were cleaned with alcohol to kill any remaining insects and mites before re-use for the control treatment. Plants were handled as above, and whiteflies were released as above. Moreover, plastic vials were attached to the same leaves as above, but they were not provided with pollen (whiteflies do not consume pollen).
Population dynamics
Adult whiteflies were counted while removing them from the plants with an aspirator. Subsequently, all leaves were detached from the plant and adult female predatory mites were counted by visual inspection of the detached leaf. Finally, four leaf discs (15 mm diameter each) were punched from each detached leaf, two from the left and two from the right half. These discs were stored in a closed plastic vial (3 cm diameter, c. 4 cm high) filled with 70% alcohol and the number of immature whiteflies on them was counted later. The number of instars was summed per leaf (four leaf discs) and the average per leaf was calculated subsequently. Individuals were classified in one of four classes: (1) eggs, (2) crawlers and second instars, (3) third instars and (4) pupae. The first destructive sampling was done 37-39 days after the start of the experiment, the second on day 58-59. For reasons of time limitation, adult whitefly populations were counted on four control plants only (i.e. without predators), three on the 38-39th day after the first whitefly release and one on the 59th day after the first whitefly release. The numbers of adult whiteflies and predators on the remaining two plants were estimated to an order of magnitude (100, 1,000 or 10,000), and juveniles were not counted.
Because pollen was supplied in vials near a few leaves at positions specified above, predators could aggregate on these leaves and prey could avoid these leaves. To test whether such a distribution occurred, we compared the fraction of the total numbers of predators and prey on the leaves closest to the vials with or without pollen.
Data analysis
Temperature conditions during the experiment varied over time, but did not differ among the cages at any given time. The average temperature was around 25°C (range 18-33°C). Humidity varied both over time and among the cages. Even though the positions of each of the two treatments were randomised and the control experiments were carried out in cages formerly occupied by either of the two treatments, there appeared to be a systematic gradient in humidity: c. 50% in the control experiments, c. 60% in the predator treatment without pollen and c. 65% in the treatment with predators and pollen. For this reason, we initially included humidity as a covariate in the analysis, but it proved not to be significant and was therefore removed from further analysis. The numbers of adult whiteflies and predators were analysed with a generalized linear model with quasi-Poisson error distribution to correct for overdispersion (Crawley 2007) . Densities of the juvenile whitefly stages were log-transformed and analysed with ANOVA. The fraction of adult whiteflies, adult predators and immature whiteflies on the leaves with vials was analysed with an ANOVA on the arcsine-square root transformed proportions. Treatments were contrasted through model simplification (Crawley 2007) . All statistical analyses were done with R (R Development Core Team 2006). Because the control treatment without predators was not done during exactly the same period as the two treatments with predators, it cannot be compared to the two treatments with predators. We therefore refrained from including it in the statistical analysis, but the data are presented to give an impression of the effects of the predators on whitefly dynamics. This does not impede our study in any way, because we were mainly interested in the effect of predators on whitefly dynamics in the absence and presence of pollen, and these two treatments were done simultaneously.
Results
Plants to which pollen was supplied had slightly more leaves than plants without pollen (average ± SE pollen: 61.7 ± 2.1, no pollen: 55.0 ± 3.2, respectively), but this difference was not significant (Wilcoxon rank sum test). Adult whitefly populations per plant in the predator treatments increased on average 1.8 times in presence of pollen, 14-fold in absence of pollen, and increased exponentially to 350 times the initial numbers in the controls (i.e. without predators) (Fig. 1) . The number of adult whiteflies differed significantly among the two treatments with predators and with time, but the interaction of treatment with time was not significant (Table 1 ). This suggests a negative effect of the presence of pollen on the numbers of whiteflies (Fig. 1) .
The density of most immature whitefly stages also differed significantly between treatments with and without pollen as well as with time (Table 2) , the exception being third instars, which did not differ significantly between the treatment with or without pollen. Except for the third instars, there was also a significant interaction of time and the presence or absence of pollen ( Table 2 ). The density of most immature stages was lower in the presence than in the absence of pollen, especially after 59 days, thus confirming a negative effect of pollen on whitefly numbers (Fig. 2) .
Significantly more predators were present on the plants with pollen than on plants without pollen (Table 3 ). The average numbers of predators per plant in the presence of pollen increased from 40 one day after release to 225 at the first sampling date and then decreased slightly to 215 at the second sampling date. In the absence of pollen, the numbers of predators remained more constant (45.7 and 59.0 on the 1st and 2nd sampling date, respectively). There was no significant effect of time (Table 3 ).
In the treatments with pollen, a slightly larger fraction of the predator population was found on the leaves close to the vials with pollen than on similar leaves in the treatments without pollen (Fig. 3 , F 1,4 = 5.0, P = 0.089). The fraction of adult and immature prey on the leaves close to the vials did not differ between the treatment with and without pollen (Fig. 3, adults: F 1,4 = 1.50, P = 0.29, immatures: F 1,4 = 1.56, P = 0.28).
Discussion
Whitefly populations increased exponentially in the absence of predatory mites, but their growth was substantially reduced in the presence of predators. Addition of pollen as alternative food for the predatory mites resulted in a further reduction of Shown are results of a generalized linear model with quasiPoisson error distribution of the numbers of whiteflies per plant for two treatments (with predators and with or without pollen as additional food for the predators). Sampling was done on independent sets of plants after 38 and 59 days (time) Shown are the results of ANOVA on log-transformed densities of eggs, first and second instar larvae, third instar larvae and pupae. Sampling was done on independent sets of plants after 38 and 59 days (time). The factor pollen indicates the presence or absence of pollen, pollen 9 time is the interaction between the presence or absence of pollen and time
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whiteflies. Populations of predators reached higher numbers on plants with pollen than on plants without, whereas prey density (eggs and young immature whiteflies) on plants with pollen was lower than on plants without pollen. All these effects are in agreement with the concept of apparent competition, where the density of a prey type is negatively affected by the presence of another food type through their joint effect on a shared predator population. Although the conditions of our experiments were such that any indirect effects of the addition of food to a predator-prey system would yield negative effects on biological control, we found no evidence for this. These conditions were (1) a relatively short experimental period with non-equilibrium dynamics; (2) a type II functional response of the predatory mites, which might also lead to negative effects of pollen on whitefly control (Holt 1977; Abrams and Matsuda 1993) ; (3) the spatial separation of the two food types, which should result in switching of the predators (Abrams and Matsuda 1993) . With respect to the first condition, it is possible that negative effects on the control of whiteflies were present at an even shorter time scale than was studied here; the addition of pollen can initially result in satiation of the predators present, thus decreasing the predation rate on the prey (Holt and Lawton 1993; Holt and Lawton 1994) . If this effect did occur in our experiment, it might have gone undetected because of the increased numerical response of the predator population, even before the first sampling date. Nevertheless, our results show that the addition of alternative food for predators does not result in decreased, but rather increased control at a temporal scale relevant for crop protection.
With respect to the second condition, laboratory tests with ample supply of crawlers of B. tabaci showed that the addition of pollen neither altered the predation rate nor increased the oviposition rate of the predators (Nomikou et al. 2004) , but this was with pollen and prey in the same area. In contrast, experiments with another species of whitefly, T. vaporariorum, and an alternative prey, the Western Fig. 3 The fraction of adult predators and adult and immature whiteflies on leaves close by small vials with or without pollen after 59 days. Plants were either supplied with pollen in small vials (pollen) or received empty vials (no pollen). Shown are average fractions (?SE) of the total numbers that were found on a plant flower thrips, showed that A. swirskii consumed half the number of whitefly eggs and half the number of thrips larvae when offered together than when offered separately (Messelink et al. 2008) . Such reduced predation of whiteflies would certainly result in a negative effect on the biological control of whiteflies, at least in the short term. However, this was compensated by an increased numerical response of predators on a mixed diet (Messelink et al. 2008) . As far as the third condition is concerned, the spatial separation of pollen and prey in the experiments described here did not result in negative effects of the addition of pollen on whitefly control, despite the fact that it will have cost the predators time and energy to commute from the pollen patches to leaves with whiteflies. Few immature vulnerable whiteflies were found on the leaves close to the vials with pollen (Fig. 3) , and this will have forced predators to commute between pollen vials and leaves with vulnerable stages of the prey. Although the distance between vials with pollen and the top leaves of plants are relatively large for the small (\1 mm), wingless and blind predatory mites, this spatial segregation of pollen and prey did not result in a significant difference in distribution of predators or whiteflies on plants with pollen compared to plants without pollen. This suggests that the local supply of pollen on the plant did not arrest the predatory mites to such an extent that they failed to find and consume prey in other strata on the plant. We therefore conclude that the addition of pollen to the crop resulted in increased biological control of whiteflies, even when the pollen is supplemented in a concentrated form.
Van Rijn et al. (2002) describe experiments similar to ours with a different predator-prey system: another species of predatory mite, Iphiseius degenerans (Berl.), and another prey species, the Western flower thrips. Their system has as additional peculiarity that the prey can also feed and reproduce on pollen; hence, this would be an extra reason for finding negative effects of the addition of pollen on the control of thrips. However, they also did not find such a negative effect.
Van Rijn et al. (2002) show that biological control can be improved by providing alternative food to predators. Here, we also show that predators reduced adult whitefly densities by a factor 28 in absence of pollen, but the addition of pollen resulted in a further eightfold decrease of adult whitefly densities (Fig. 1) .
In a study with the same species of predator as used here, Messelink et al. (2008) show that addition of another prey species of the predatory mite also resulted in better control of whiteflies. However, the alternative prey used in the latter study, Western flower thrips, is a pest itself. Hence, strategies to use this alternative prey to increase pest control of whiteflies are bound to be risky. Pollen, the supplemental food used here, does not pose such a risk. We therefore suggest that the addition of pollen or other non-prey food to a crop is a viable strategy to increase biological control of whiteflies.
